Lead zirconate was synthesized via the sol-gel process and calcined at 300°C for 1 h to obtain a Perovskite structure of an orthorhombic form. SEM micrographs indicate that the lead zirconate particles are moderately dispersed in a solid acrylic rubber, AR71. Without an electric field, the particles merely act as a dielectric filler that can absorb and store additional stress. Under electrical field, particle-induced dipole moments are generated, leading to the interparticle interactions, thus creating a substantial increase in the storage modulus. At the small volume fraction of lead zirconate particles of 0.02 embedded in the elastomer matrix, the electrical conductivity increases dramatically by two orders of magnitude. At the volume fraction of merely 0.0002, the storage modulus, or the composite rigidity, increases by a factor of two as the electric field strength is varied from 0 to 2 kV/mm.
Introduction
Lead zirconate is one type of antiferroelectric materials that possesses various potential applications in phase switching, charge storage, and as a current source, or as a linear capacitor. In addition, it can be used in various microelectronic or microelectro-mechanical devices [1] [2] [3] . Lead zirconate can produce spontaneous dipole moments under an applied electric field at a temperature below the Curie temperature (T C ). The dielectric material is known to offer a high electromechanical coupling, a wide range of electrical permittivity, and low dielectric and mechanical losses [4] . Generally, the properties of a dielectric ceramic depend not only on the composition and its crystal structure, but also on the microstructure morphology: the grain size, the grain boundary, the pore, the crystallization, microcracks, and the interfacial and percolation effects. Electrical, mechanical, and thermal properties are correlated through several variables: dielectric, polarization P, stress σ, and strain ε as functions of electric field strength E and temperature T [4, 5] .
Acrylic-based elastomer is a polymer uniquely characterized by properties such as: resistance to heat above 150°C, to ozone, oxygen, and ultraviolet light; inertness to sulfur-bearing oils and greases; and dimensional stability towards aliphatic hydrocarbons. Such properties of the acrylic elastomers allow for their use in various applications such as automobile components. Acrylic elastomers have often been utilized as a matrix phase of various composite materials.
Composite materials generally consist of a filler (in a particle, flake, or fiber form) embedded in a matrix made of a polymer, a metal, or a ceramic. Antiferroelectric, ferroelectric, and piezoelectric materials may be included as components in the composite. Della et al. [6] reported piezoelectric composites with 1-3 connectivity as an important class of materials for underwater acoustics and biomedical imaging; the 1-3 piezoelectric composites are flexible for conforming to curved surfaces and they possess distinct electromechanical properties. Tam et al. [7] reported that the addition of the bi-dispersed piezoelectric lead zirconate titanate (PZT) or ferroelectric lead titanate (PbTiO 3 ) nanoparticles into electrorheological (ER) fluids enhanced the static yield stress through the modification of the dielectric constant of the fluids [7] . The interest in the electrorheological properties of a dielectric composite stems from the various potential applications: hydrophone applications, smart engineering devices, artificial muscles, biomimetic actuators, and vibration isolators for robotics and automobiles [1] [2] [3] [8] [9] [10] [11] . Combining a dielectric ceramic and host polymers, such as an acrylic or a silicone, yields a flexible dielectric composite so-called electroelastic material. A dielectric composite has a greater flexibility in altering towards particular mechanical, electrical, or thermal properties as shown in scheme I. Mobile microactuators based on stiff materials such as silicon generally have a very limited out of plane displacement. Using elastomers allows greater displacements [12] [13] [14] .
Wissler et al. [15] investigated several dielectric elastomers (DE) as actuators in adaptive structures, in particular when large deformations are required, in the order of 10-30%. Biomimetrics (bio-inspired or emulating biological systems in nature) provides a framework to design and analyze material systems towards actuation control. Many biological systems, such as the eye muscles or arm muscles, biceps and triceps work on the principle of agonist-antagonist control [11] . Muscles generate a force via contraction, i.e. a muscle can only "pull" and does not "push"-the right muscle (agonist) contracts and simultaneously the left muscle relaxes (antagonist, which increases in length), thus producing a force and motion on the mass to the right. Repperger et al. [11] reported generating torque on a robotic joint through the contraction of an agonist muscle and the relaxation of the antagonist muscle. An important actuator that utilizes the agonist-antagonist control is a pneumatic muscle (PM); it has many similarities to biological systems, such as to an animal skeletal muscle. Scheme 1. The cation orientation in the electroactive actuators before-after applied electric field.
The objective of this study is to investigate the effect of adding small volume fractions of synthesized lead zirconate particles as dielectric materials into an acrylic rubber
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With Applied electric field (AR71) on the electrorheological (ER) properties. Acrylic rubber/lead zirconate composites presented here are a novel material consisting of the antiferroelectric lead zirconate as the dispersed phase and the acrylic rubber as the soft elastomer matrix, The ER properties of the composites will be reported.
Results and Discussion
Characterization of the Acrylic Rubber (AR71)/Lead Zirconate (PbZrO 3 )
The percentages of chemical compositions of calcined lead zirconate (PbZrO 3 ) powder were analyzed and determined by an XRF spectroscopy. The experimental mole ratio of PbO/ZrO 2 or Pb:Zr:O is (0.9805:1:3), close to the theoretically calculated mole ratio of the lead zirconate PbZrO 3 (1:1:3) [24] . The PbO/ZrO 2 structure obtained was orthorhombic (consistent with the antiferroelectric lead zirconate materials obtained from other methods) after the lead zirconate powder was calcined at a temperature of 300°C for 1 h; the PbZrO 3 structure can transform from antiferroelectric (orthorhombic form) to paraelectric (cubic form) at or above the Curie temperature. The DTA-TGA-DSC characterization indicates the percent ceramic yield of 56.4, close to the theoretical value of 59.6; the exothermic peak at 245.7 o C is close to the theoretical Curie temperature (T C = 230°C) [24] . The specific gravity of the calcined lead zirconate powder measured by liquid pycnometer is 7.50 g/cm 3 . Figure 1 ). The ionic interaction involves a metal and a non-metal ion through the electrostatic attraction. It is a bond formed by the attraction between two oppositely charged ions of the lead zirconate (PbZrO 3 ) and the acrylic rubber (AR71). The X-ray pattern of the pure acrylic rubber, AR71, indicates that it is amorphous as shown in Figure 2 . The XRD pattern of the pure lead zirconate powder shows The microstructures of the pure acrylic rubber (AR71), PbZrO 3 , and AR71/PZ_6 are shown by SEM micrographs with a magnification of 500x in Figure 3 . The appearance of the pure acrylic rubber (AR71) is clear, as shown in Figure 3 (a). 
Electrical Properties of Acrylic Rubber (AR71)/Lead Zirconate (PbZrO 3 )
The electrical resistivity of the composite material is related to the electrical conductivity as follows [28] : ρ eff
where ρ eff is the effective resistivity (Ω.m), R is the electrical resistance (Ω), A is the cross-section of the discs (m 2 ), L is the thickness (m).
The PbZrO 3 sample calcined at 300 °C for 1h has the relative dielectric constant, the electrical conductivity, and the dielectric loss tangent values of 2267, 3.06 x 10 -4
(Ω.m) -1 , and 2.484, respectively, as measured by the impedance analyzer at 27 °C and 1000 Hz [24] .
Lead zirconate (PbZrO 3 ) is an ionic and antiferroelectric material that can exhibit spontaneous polarization through the electric polarization, the ionic polarization, the interfacial polarization (Wagner polarization), and the orientation polarization (Debye polarization). Spontaneous polarization is a consequence of the positioning of the Pb 2+ , Zr 4+ , and O 2-ions within the unit cell. The Pb 2+ ions are located at the corners of the unit cell, which is in the orthorhombic form. The dipole moments generated result from the relative displacement of the O 2-and Zr 4+ ions from their original positions within the unit cell.
Effect of Concentration
The electrical properties of the acrylic rubber (AR71), the antiferroelectric material (PbZrO 3 ), and the AR71/PbZrO 3 composites are investigated using an impedance analyzer with an AC field at 1 kHz (the dielectric constant, dielectric loss, and electrical conductivity data are given in Table 2 ). The electrical conductivity and dielectric constant increase monotonically with increasing particle volume fraction (Figure 4a ). The dielectric constant values are 6.18, 2267, and 17.89 for AR71, PbZrO 3 , and AR71/PZ_6, respectively. The electrical conductivity values of the AR71, PbZrO 3 , and AR71/PZ_6 are 4.17 x 10 -9 , 3.06 x 10 -4 , and 3.16 x 10 -7 (Ω.m) -1 , respectively. The electrical conductivity of the AR71/PZ_6 is greater than that of the acrylic rubber AR71 by two orders of magnitude. It may be noted that the electrical conductivity versus the volume fraction (Φ or V/V) data fall between an upper bound and a lower bound according to the resistivity mixture rule [28] .
Tab. 2.Electrical properties of AR71/PbZrO 3 , measured at 1000 Hz, and at 27 °C. 
Effect of Field Frequency
Figure 4(b) shows the dielectric constant versus frequency of the composites studied. The acrylic rubber (AR71)/lead zirconate (PbZrO 3 ) composite, AR71/PZ_6, exhibits all three types of polarization (electronic, ionic, and orientation) [28] . This is to be contrasted with the relative dielectric constant of pure acrylic rubber, which has a smaller value and frequency independent. Cannon et al. (2002) [32] measured the dielectric constant of an acrylic copolymer at various frequencies. The dielectric constant of the acrylic copolymer (CoME-NP20) at f = 10
3 Hz was about 6.0 at room temperature, and it was frequency independent [33] . Thus, the dielectric constants of the acrylic copolymer (CoME-NP20) and AR71 (ε′ at 10 3 Hz ≈ 6.1) are comparable. 
Electrorheological Properties: Time Dependence, Effects of Particulate Volume Fraction and Electric Field Strength
-Time Dependence Figure 5 shows the temporal characteristics of the storage modulus (G′) of the AR71/PZ_6 composite, with electric field alternately on and off. The temporal characteristics shown are in the linear viscoelastic regime: electric field strengths of 0.1 and 2 kV/mm, a strain of 0.1%, and a frequency of 1 rad/s. After an initial period of several cycles of the electric field being turned on and off, the G′(ω = 1 rad/s) of the AR71/PZ_6 composite, at an electric field strength of 0.1 kV/mm, increases and monotonically reaches a steady-state value while at an electric field strength of 2 kV/mm, initially increases and then decreases slowly as the electric field is turned off; it does not recover its original value. This behavior indicates that there are some irreversible interactions, perhaps due to the dipole bonding between small antiferroelectric lead zirconate particles at higher volume concentrations, and possibly by the residual dipole moments inducing permanent interparticle interactions. After several cycles of the electric field being turned on and off, the G′(ω = 1 rad/s) reaches a steady state, in which the storage responses with the electric field on and off are nearly equal.
Kunanuruksapong et al. [34] studied the temporal characteristics of the storage modulus (G′) of polymer blends of poly(p-phenylene) and acrylic elastomers. They reported that the storage modulus increased dramatically after an electric field of 2 kV/mm was applied, and it decreased suddenly as the electric field was turned off. After several cycles of the electric field being turned on and off, the G′(ω = 1 rad/s) of the PPP:AR71 blends showed a reversible behavior. Niamlang et al. [35] 
Time (s)
the temporal characteristics of polymer blends of a poly(phenylene vinylene) and a polydimethylsiloxane. Their results also showed a reversible behavior of the storage modulus as the electric field was turned on and off. In the present work, the conductive polymers, namely poly(p-phenylene) and poly(phenylene vinylene), appear to possess reversible behavior for the storage modulus. In the absence of an electric field, the G′ is greater than the G″ at all frequencies for both the AR71/PZ_0 and the AR71/PZ_6 systems, indicating that these samples possess solid-like behavior. Hao et al. [31] reported that the electric field-induced interaction, arising from the particle polarization, is commonly believed to be responsible for the ER behavior and they proposed this for interpreting the ER phenomena. The composite system in the present work with a high particle concentration (AR71/PZ_6) is expected to exhibit a higher storage modulus G′ (ω) and a higher loss modulus G″ (ω) than those of the pure acrylic rubber (AR71/PZ_0) system. The G′ o increases monotonically with volume fraction; and increases from 1.21 x 10 4 Pa to 7.94 x 10 4 Pa as the volume fraction is varied from 0.0000 to 0.0196 (Table 3 ). The increase in G′ ο can be attributed to the effect of the antiferroelectric particles acting as reinforced fillers. The G″ o increases from 1,420 Pa to 2,720 Pa as the volume fraction is varied from 0.0000 to 0.0196 (also in Table 3 ). The corresponding increase in the G″ o can be attributed to the induced free volume and the fact that the interface between the particles and the matrix is poor. G″ o, the loss modulus, represents liquid-like behavior, energy loss, or viscous dissipation energy loss. .2292 All materials were tested at a frequency of 1 rad/s, strain 0.1% and temperature of 27°C; G' ο , and G" ο are the storage and loss moduli without electric field; G' 2 kV/mm , and G" 2 kV/mm are the storage and loss moduli at 2 kV/mm; ΔG' 2 kV/mm is the storage modulus response = G' 2 kV/mm -G' ο ; and ΔG' 2 kV/mm /G' ο is the storage modulus sensitivity.
The storage modulus response, ΔG′, versus particle volume fraction at a electric field strength of 2 kV/mm is shown in Figure 7 (a). Also plotted in this figure is the storage modulus G′ ο (1 Hz) without an electric field shown versus particle volume fraction. The ∆G′ increases monotonically with volume fraction; the storage modulus response at 2 kV/mm increases from 1.88 x 10 3 to 1.82 x 10 4 Pa as the volume fraction (V/V or Φ) is varied from 0.0000 to 0.019646 (also in Table 3 ). The storage modulus response of the AR71/PZ_6 is highest among the composites studied; this is due to its highest dielectric constant (as shown previously in Figure 4 ). Figure 7 (b) shows the storage modulus sensitivity ∆G′/G′ ο versus particle volume fraction. The storage modulus sensitivity values at a electric field strength of 2 kV/mm are 15.47% (AR71/PZ_0), 19.29% (AR71/PZ_1), 36.75% (AR71/PZ_2), 71.14% (AR71/ PZ_3), 47.92% (AR71/PZ_4), 37.15% (AR71/PZ_5), and 22.92% (AR71/PZ_6). The storage modulus of the composite without lead zirconate (AR71/PZ_0) increased significantly upon electrical fields from 0 to 2 kV/mm. The maximum storage modulus sensitivity value obtained came from the AR71/PZ_3 composite at the particle volume fraction of 0.00020. Its sensitivity value is higher than those of the pure acrylic rubber (AR71/PZ_0) and the AR71/PZ_1 and AR71/PZ_2 composites. As more particles are added, more dipole moments are generated, leading to greater particle interactions. The storage modulus sensitivity values AR71/PZ_4, AR71/PZ_5, and AR71/PZ_6 composites lower than that of AR71/PZ_3; this is caused by the particle screening effect leading to lower particle interactions. In a system of high dielectric constant but relatively low dielectric loss, the particles can be greatly polarized, but the polarized particles are still disordered [31] . A previous work [10] indicated that the ER response can be influenced by the electrostatic repulsive interaction at smaller particle separations or at higher volume fractions, which may hinder ∆G′/G′ ο .
Shiga et al. [36] studied the storage modulus response (ΔG′) of blends between a poly(p-phenylene) and a silicone rubber. They found that the storage modulus response (ΔG′) increased when the volume fraction of PPP was greater than 10.8 %vol. Blends with a particle content less than 8.4 %vol did not exhibit the electrorheological effect as the interaction between the dispersed particles was weak [36] . The storage modulus values G′(ω = 1 rad/s) versus the electric field of AR71/PZ_0, AR71/PZ_3, and AR71/PZ_6 composites at various electric field strengths are shown in Figure 8 . The G′(ω = 1 rad/s) increases monotonically with electric field strengths varying between 0.005 and 2 kV/mm. The storage modulus values, G′(ω = 1 rad/s), of these systems at an electrical field strength of 2 kV/mm are 14058, 44734, and 97705 Pa for AR71/PZ_0, AR71/PZ_3, and AR71/PZ_6, respectively. In the absence of an electric field, the lead zirconate particles are randomly dispersed within the acrylic rubber AR71 matrix. As an electric field is applied, both the lead zirconate particles and the acrylic rubber matrix become polarized, and induced dipole moments are generated, leading to intermolecular interactions. These intermolecular interactions induce the loss in chain free movements and higher chain rigidity, as indicated by the higher G′(ω) values. Thus, it is shown that the electrorheological properties of our piezoelectric ceramic-polymer composites can be modified and tailored with the addition of the particle volume fraction. The present data can be compared with the data of previous studies. In a previous work [37] , we prepared composite materials consisting of lead titanate (PbTiO 3 ) and the acrylic elastomer (AR71) and measured the electrorheological properties as functions of electric field strength and PbTiO 3 particle volume fraction. The storage modulus increased linearly with particle volume fraction, with or without an electric field. The maximum storage modulus response and sensitivity at 0.0386 V/V of PbTiO 3 is 57,925 Pa and 25.27%, respectively [37] . On the other hand, AR71/PbZrO 3 composites show a maximum storage modulus response and sensitivity, at 0.0002 V/V of PbZrO 3 , of 18,600 Pa and 71.1%, respectively. Kunanuruksapong et al. [34] studied the storage modulus response and sensitivity of blends between poly(pphenylene) and acrylic rubbers (AR71). The storage modulus response and sensitivity increased with increasing the volume fraction of the poly(p-phenylene) and attained a maximum at 30% vol/vol. The maximum storage modulus response and sensitivity at E = 2 kV/mm for 30% vol/vol. poly(p-phenylene) are 107,770 Pa and 97%, respectively [34] . In the present study, the AR71/ PZ_3 shows the highest storage modulus response (18,600 Pa) and sensitivity (71.14%). Different storage modulus responses and sensitivity values obtained from different systems originate mainly from the differences in dielectric constant and volume fraction.
Conclusions
Our results suggest that antiferroelectric lead zirconate (PbZrO 3 ) particles as dielectric materials can be used as a filler to absorb an energy loss and to store additional elastic energy within an acrylic rubber matrix, in addition to increasing the electrical conductivity of the composites. The perovskite phase and orthorhombic form lead zirconate (PbZrO 3 ) calcined at 300°C for 1 h exhibits the antiferroelectric behavior, which produces the spontaneous polarizations (electronic, ionic, and orientation) through the positioning of the Zr 4+ and O 2- ions. The dielectric constant and the electrical conductivity of AR71/PZ_6, at a small PbZrO 3 volume fraction of 0.019646 (1.9 %V/V), are 17.89 and 3.16 x 10 -7 (Ω.m) -1 , respectively. The ER properties-G′, G″, and ∆G′ 2kV/mm /G′ ο -under the oscillatory shear mode of AR71/PbZrO 3 were investigated as functions of electric field strength and particulate volume fraction. With and without an electric field, the dynamic moduli G′ ο , G′ 2kV/mm , G″ ο , G″ 2kV/mm , and ∆G′/G′ ο of the AR71/PZ_6 composite are 7.94 x 10 4 Pa, 9.77 x 10 4 Pa, 2.7 x 10 3 Pa, 3.8 x 10 3 Pa, and 22.92%, respectively. Adding the lead zirconate (PbZrO 3 ) into the acrylic rubber contributes towards a more effective polarization and hence stronger electrostatic interactions between the embedded particles in addition to the polarization created in the acrylic rubber matrix alone.
The AR71/PZ_6 composite is thus a relatively simple antiferroelectric composite to fabricate, and a material candidate for biomimetic actuators and/or artificial muscles.
Experimental part
Materials
The synthesis of pure perovskite lead zirconate (PbZrO 3 ) was carried out through the sol-gel process previously described [23] [24] [25] . The sol-gel process offers significant advantages: high purity, chemical homogeneity, lower reaction temperature, and better control of molecular-level properties. Lead glycolate and sodium tris (glycozirconate) were used as the starting precursors via the OOPS process [23] [24] [25] . A mixture of lead acetate trihydrate (Pb(CH 3 COO) 2 .3H 2 O, 0.1 mol, 37.9 g), ethylene glycol (EG, 0.1 mol, added excess 50 cm 3 ) and triethylenetetramine (TETA, 0.1 mol, 14.6 g) acting as a catalyst was heated at the boiling point of EG under N 2 atmosphere in a thermostatted oil bath. Sodium tris (glycozirconate) was synthesized via the OOPS process as well [24] . A mixture of zirconium hydroxide (Zr(OH) 4 , 11.4 m mol, 1.59 g) and 200 mol% sodium hydroxide NaOH equivalent to zirconium hydroxide were suspended in 35 ml of ethylene glycol. The reaction mixture was heated under nitrogen N 2 atmosphere in a thermostatted oil bath for 12 h.
Sol-gel Preparation of Lead Zirconate
Sol of complex alkoxide mixture was prepared by mixing 2 x 10 -2 g of lead glycolate (Pb content equal to 1.6 x 10 -2 g) in a 0.1 M nitric solution (HNO 3 ) with 1.3 x 10 -2 g of sodium tris(glycozirconate) (Zr content equal to 3.6 x 10 -3 g) dissolved in water. A white turbid solution was obtained. The sol to gel transition occurred within a few second when a small amount of water was added to adjust the solution pH to be in the range of 8-9 at room temperature. The gels were allowed to settle at room temperature and kept at 50°C for 2 days to finally obtain a light yellow gel. The gels were calcined at 300 °C for 1 h.
The acrylic rubber (AR71) was supplied by Nippon Zeon Co., Ltd., USA. The AR71 was a fast-curing type in a milk-white slab. The Mooney viscosity, T g , and the specific gravity of the AR71 were 50, -15 °C, and 1.11 g/cm 3 , respectively. The acetone (High Purity Liquid Chromatography, HPLC, grade) medium was obtained from Lab-Scan Co., Ltd. The relative dielectric constant and density of the acetone (a clear and colorless liquid) were 21 and 0.786 g/cm 3 , respectively [26, 27] .
Instruments
A thermal gravimetric analysis (TGA) and a differential thermal analysis (DTA) were carried out using a Perkin Elmer thermal analysis system with a heating rate of 10 °C/min over a 25°-800 °C temperature range.
The percentages of chemical compositions of calcined powder were obtained by an XRF spectroscopy (XGT 2000w, Horiba, Japan).
The powder density of lead zirconate was measured using liquid pycnometry.
The Fourier transform infrared (FTIR) spectra were recorded using a spectro meter (PerkinElmer, model Spectrum One) with a spectral resolution of 4 cm -1 . The samples were prepared using a single-crystal potassium bromide, KBr.
The X-ray diffraction (XRD) patterns were obtained and analyzed using an X-ray diffractometer (Bruker, AXS analyzer D8) with a VANTEC-1 Detector. The X-ray beam was Ni-filtered CuKα radiation (λ = 0.154 nm). The samples were scanned in a step mode at a scan rate of 5°/min at 2θ = 10° to 80°.
Scanning electron microscopy (SEM) images were obtained using a SEM, JEOL-5200 equipped with EDS for X-ray microanalysis. The acrylic rubber (AR71), lead zirconate (PbZrO 3 ), and AR71/PbZrO 3 samples were mounted on stubs using carbon paste and were sputter-coated with approximately 0.1 µm gold to improve conductivity. The acceleration voltage was 20 kV with a magnification of 500x.
The electrical properties were obtained and measured using an impedance analyzer (HP, model 16451B) with an LCR meter (HP, model 4284A). The ER samples of lead zirconate and acrylic rubber dissolved in and swollen by 10% acetone, were cast in a petri dish to obtain thin discs having a diameter of 38 mm and a thickness of 0.50 mm, according to the ASTM B263-94 standard. In our experiment, the electrical properties were measured at least two to three times (using 1-2 samples) at frequencies between 10 3 and 10 6 Hz.
A controlled-strain rheometer (Rheometric Scientific Inc., ARES) was used to measure the dynamic rheological properties of the composites using a parallel plate fixture (25 mm in diameter). The typical sample thickness or the parallel plate gap was 1.0 ± 0.1 mm. An electric field for the ER measurement was applied using a high voltage power supply (Keithley, model 2410). Strain sweep tests were first carried out to determine the suitable strains as functions of frequency at various DC electric field strengths. The samples were pre-sheared at a low frequency (0.04 rad/s) with the electric field on for 9 min in order to attain equilibrium polarization. Each measurement was carried out at a temperature of 27 °C and was repeated at least two or three times.
The lead zirconate (PbZrO 3 ) particulate phase is harder and stiffer than the acrylic rubber (AR71) matrix, and the reinforcing particles tend to restrain the movement of the matrix phase in the vicinity of each particle. In essence, the AR71 matrix transfers some of the applied stress to the PbZrO 3 particles, which bear a fraction of the load. The degree of reinforcement or improvement of mechanical behavior depends on the interface between the AR71 matrix and the PbZrO 3 particle surface. For an effective reinforcement, the particles should be small, equiangular, and evenly distributed throughout the matrix. Furthermore, the volume fraction of the dispersed phase is expected to influence the mechanical properties, with the degree of enhancement depending on the particulate volume content.
Sample Preparation of the ER Solid
ER suspensions with percentages of lead zirconate particulate volume fractions (Φ) of 0.000000 (AR71/PZ_0), 0.000019 (AR71/PZ_1), 0.000040 (AR71/PZ_2), 0.000200 (AR 71/PZ_3), 0.001996 (AR71/PZ_4), 0.003986 (AR71/PZ_5), and 0.019646 (AR71/PZ_6), were prepared. The acrylic rubber (AR71) was dissolved in and swollen at the volume fraction of 10% v/v in acetone. The host solvent was of High Purity Liquid Chromatography (HPLC) grade with a density of 0.786 g/cm 3 , a relative permittivity of 21; and it is colorless. The suspensions were prepared by a constant stirring with a magnetic bar stirrer at room temperature for 24 h. The suspensions were poured into glass molds (Petri dish), covered with a glass plate to avoid dust and bubbles, and allowed to dry slowly at room temperature overnight. The obtained dried samples were light to dark yellow and were approximately 3 mm thick. The volume fraction of the dispersed phase (Φ )  in a composite is defined as:
where Φ β is the dispersed volume fraction (dimensionless), V dispersed is the volume of the dispersed phase (cm 3 ) , and V matrix is the volume of the matrix phase (cm 3 ) [28] .
